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ABSTRACT  
   
The future grid will face challenges to meet an increased power demand by the 
consumers. Various solutions were studied to address this issue. One alternative to realize 
increased power flow in the grid is to use High Temperature Low Sag (HTLS) since it 
fulfills essential criteria of less sag and good material performance with temperature. 
HTLS conductors like Aluminum Conductor Composite Reinforced (ACCR) and 
Aluminum Conductor Composite Core (ACCC) are expected to face high operating 
temperatures of 150-200 degree Celsius in order to achieve the desired increased power 
flow. Therefore, it is imperative to characterize the material performance of these 
conductors with temperature. The work presented in this thesis addresses the 
characterization of carbon composite core based and metal matrix core based HTLS 
conductors.  
The thesis focuses on the study of variation of tensile strength of the carbon 
composite core with temperature and the level of temperature rise of the HTLS 
conductors due to fault currents cleared by backup protection. In this thesis, Dynamic 
Mechanical Analysis (DMA) was used to quantify the loss in storage modulus of carbon 
composite cores with temperature. It has been previously shown in literature that storage 
modulus is correlated to the tensile strength of the composite. Current temperature 
relationships of HTLS conductors were determined using the IEEE 738-2006 standard. 
Temperature rise of these conductors due to fault currents were also simulated. All 
simulations were performed using Microsoft Visual C++ suite. Tensile testing of metal 
matrix core was also performed.  
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Results of DMA on carbon composite cores show that the storage modulus, hence 
tensile strength, decreases rapidly in the temperature range of intended use. DMA on 
composite cores subjected to heat treatment were conducted to investigate any changes in 
the variation of storage modulus curves. The experiments also indicates that carbon 
composites cores subjected to temperatures at or above 250 degree Celsius can cause 
permanent loss of mechanical properties including tensile strength. The fault current 
temperature analysis of carbon composite based conductors reveal that fault currents 
eventually cleared by backup protection in the event of primary protection failure can 
cause damage to fiber matrix interface. 
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The electric power demand is increasing with each year. It is estimated that the 
growth in electric power demand will be approximately 28% by 2040 in the United States 
[1]. The current growth rate of electricity demand is 0.7% with an average growth of 
0.9% per year [1]. The study findings given in reference [2] indicate that the utility 
industry will need new investments in generation infrastructure, with investment costs of 
billions of dollars, to supply the increasing demand. In order to meet the increasing power 
demand, significant investments in transmission and distribution infrastructure are 
necessary to keep pace with the increase in generation [2], [3]. The growth rate of electric 
power consumption in the mountain states of the U.S is  highest at 1.52% per year [4]. 
Historically investment in transmission and distribution has been neglected for decades  
[3], [5]. This has led to congestion in the grid. The congestion in the grid can be 
attributed to other factors such as deregulation of the power industry, changing thermal 
limitations of transmission lines in existing right of ways (ROWs) and aging of power 
equipments [5]-[7]. Renewable portfolio standards, on the other hand, impose obligations 
on the utility industry to increase the penetration of renewable resource generation in the 
grid [8]. Renewable generation sites such as wind and solar tend to be far away from the 
load centers [3]. In order to transfer the generated power to customers, increase of present 
transmission capacity is required. However, as mentioned earlier, deterioration in 
transmission investment has occurred. To put things in perspective, transmission and 
  2 
distribution investment in the US has decreased by 44% in 1980-99 [3]. The nation’s 
grid infrastructure is also degrading and aging. This has lead to brownouts and blackouts  
due to sag violations of traditional transmission conductors trying to supply increased 
power demand, especially during the summer months [5]. In brownouts, the system 
voltage drops for an amount of time in order to manage load during emergency. There are 
three solutions to overcome the problem of achieving increased power flow in the grid to 
meet the electricity demand [9]. These are –  
1. Line compaction – As the name suggests, the distance between the phases of the 
transmission line are reduced. This has the effect of reducing the line reactance. 
Reduction in line reactance increases the power transfer capability and thus 
reduces congestion in the line [9]. 
2. Six phase transmission system – The six phase transmission system has the 
advantage of requiring lesser voltage level for the same amount of power 
transmission as compared to three phase power system [9]. Studies indicate that 
the ROWs requirement is also less due to smaller tower structures [9].  
3. High Temperature Low Sag (HTLS) conductors – As the name suggests, these 
conductors have superior sag-temperature characteristics. HTLS conductors are 
generally used in thermally limited lines because replacing lines, which are 
limited by system stability limits, with HTLS conductors will not alleviate the 
problem [9], [10]. HTLS conductors are expected to operate at temperatures well 
above 100ᵒC continuously with emergency temperatures of 200ᵒC - 240ᵒC [11], 
[12]. The power transfer capability can thus be increased in circuits containing 
HTLS conductors. The major advantage of increasing the power flow with the 
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help of this method is that construction of new supporting structures and 
development of new ROWs are not required [10]. 
Traditionally, the power system industry has responded to increase in power 
demand by increasing the system voltage levels [13], [14]. American Electric Power 
developed 765 kV Extra High Voltage (EHV) in 1960s to meet the increasing power 
demand [14]. Building new transmission lines entails acquiring and developing new 
ROWs by utility companies. This is a complex process, which involves easement contract 
and maintenance of ROWs [15], [16]. The use of HTLS conductors to increase the power 
transfer capability to meet the rising power demand ensures reduction in constructing 
new tower structures and development of new ROWs, since existing ROWs and 
supporting tower structures can be utilized for replacement of the traditional conductors 
by HTLS conductors [10], [17]. Thus, for thermally limited lines, one of the most 
attractive investments in transmission to increase the power flow is the use of HTLS 
conductors. Comparatively, little research has been conducted to study the capability of 
HTLS conductors to handle large current flow at elevated temperatures. This thesis 
focuses on the mechanical characterization of HTLS conductors with temperature. HTLS 
conductors consisting of metal matrix core (MMC) and carbon composite core or 
polymer matrix core (PMC) has been considered in this study. The following sections 
present the thesis objectives and previous relevant research on HTLS conductors and its 
constituent materials. 
1.2 Thesis objectives 
The main objective of the project is to quantify the loss of mechanical strength of 
HTLS conductors with temperature. High temperatures cause annealing of aluminum 
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conductor wires and can cause degradation of the conductor core [17], [18]. Apart from 
the loss in strength of conductor, sagging of the line occurs at elevated temperatures. Sag 
dictates the power transfer capability of thermally limited transmission lines. The sag is 
dependent on the temperature of the line, which in turn depends on the amount of current 
flowing through the line [5]. Traditional conductors like Aluminum Conductor Steel 
Reinforced (ACSR) have a maximum operating temperature of 100ᵒC [19]. HTLS 
conductors are designed to operate at temperatures up to 250ᵒC without significant loss of 
strength. The HTLS conductors studied in this thesis are Aluminum Conductor 
Composite Reinforced (ACCR) and Aluminum Conductor Composite Core (ACCC). 
ACCR is manufactured by 3M company and ACCC is manufactured by Composite 
Technologies Corporation (CTC) Global. There are other manufacturers of ACCC such 
as Midal Cables Ltd and Alcan Cable. ACCR have metal matrix core (MMC) and ACCC 
have carbon composite core/ polymer matrix core (PMC). In this thesis, carbon 
composite core and polymer matrix core (PMC) has been used interchangeably. The 
coefficient of thermal expansion of the HTLS conductor MMC and PMC cores are 
significantly less than that of ACSR steel cores [11], [12], [20]. HTLS conductors sag 
less than equivalent ACSR conductors due to low coefficient of thermal expansion.  
Another important aspect that has been studied closely in this thesis is the 
temperature rise of HTLS conductors during fault currents. This study was performed 
using the guidelines outlined in IEEE 738-2006 standard [21]. C++ programs were 
written to simulate the temperature rise in metal matrix core and carbon composite core 
based HTLS conductors during fault currents. The effects on the HTLS conductors were 
  5 
deduced from the results of the simulation. The objectives of the thesis can be 
summarized below, 
1. Obtain and quantify mechanical strength variation of HTLS conductors with 
temperature. 
2. Investigate the coefficient of thermal expansion of the HTLS conductor core. 
3. Study the temperature rise in the HTLS conductor due to fault currents and obtain 
current temperature relationships.  
1.3 HTLS conductors and relevant research reviews 
The power transfer capability can be increased with the help of HTLS conductors 
in thermally limited lines. Traditionally heterogeneous conductors like ACSR were 
introduced to improve sag-temperature characteristics and thermal ratings over 
homogenous conductors like All Aluminum Conductor (AAC) and All Aluminum Alloy 
Conductor (AAAC) [22]. However, over the years, electric power demand has increased 
but the investment in new transmission lines have not kept pace. Thus, as mentioned 
before, congestion in the grid has increased. Presently, the trends have shifted to large 
investment in new transmission infrastructure. This includes introduction of HTLS 
conductors for existing transmission lines that are thermally limited [10]. HTLS 
conductors make it possible to have a power flow increase of 2-3 times over traditional 
ACSR conductors in existing transmission corridors. For example, DRAKE ACSR have 
a current carrying capacity of 1000 A at 100ᵒC, whereas equivalent carbon composite 
based HTLS conductor have a current carrying capacity of over 1600 A at 180ᵒC [21]. 
This translates into a power flow increase by at least a factor of 2.5 in lines replaced by 
carbon composite based HTLS conductors.  
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ACSR conductor, which is widely used for transmission lines, is a concentrically 
stranded conductor. It is consists of a relatively non-conducting steel core. The steel core 
is galvanized to prevent corrosion. The aluminum wires which covers the steel core is a 
hard drawn 1350 aluminum wire with H19 temper [22]. The maximum operating 
temperature of ACSR conductors is 100ᵒC [19]. Above this temperature, annealing of the 
aluminum wires takes place which results in rapid degradation of tensile strength of the 
conductor. Morgan [18] and Harvey [23] have investigated the loss of tensile strength of 
overhead transmission conductors due to annealing. Both provide empirical formulas to 
calculate the loss of strength for ACSR conductors with temperature and time.  
Due to increase in power demand, aging of grid infrastructure and thermal 
limitations, it is difficult to ramp up power flow through existing ACSR lines. This has 
lead to the introduction of conductors that have better sag-temperature characteristics and 
higher ampacity [13]. These conductors are known as HTLS conductors. Recent 
introduction of HTLS conductors include ACCC and ACCR. Other types of HTLS 
conductors are -  
1. ACSS – Aluminum Conductor Steel Supported 
2. GTACSR – Gap type Aluminum Conductor Steel Reinforced 
3. ZTACIR – Zirconium Type Aluminum Conductor Invar Steel Reinforced 
This thesis focuses on HTLS conductors with metal matrix core and carbon 
composite cores. In particular, samples from ACCR and ACCC have been used for the 
study. 
The carbon composite core or PMC based HTLS conductor consists of glass-
carbon fiber/ epoxy matrix core. The core is organic in nature due to the epoxy matrix. 
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The glass fiber/epoxy shell encases the carbon fiber/epoxy section. The function of the 
glass fiber/ epoxy shell is to isolate electrically the conducting carbon fiber/epoxy section 
of the core [6]. Thus, the glass fiber/epoxy acts like a dielectric medium and prevents 
galvanic corrosion between carbon fibers and aluminum wires. The core is not stranded; 
it is a single piece of rod running through the entire length of the conductor. The 
conductor wires, which surrounds the core, are fully annealed 1350 – O tempered 
aluminum [5], [11]. The conductor core is produced by pultrusion process [24]. The 
aluminum wires are arranged in trapezoidal configuration. The advantages of HTLS 
conductor with carbon composite cores are manifold. It offers large cross section area for 
the aluminum conductors, which consequently increases the ampacity compared to 
equivalent ACSR, a high strength to weight ratio, superior sag-temperature 
characteristics, extremely low coefficient of thermal expansion of the core and high 
tensile strength [5]. Fig 1.1 shows the picture of ACCC, which is a carbon composite core 
based HTLS conductor.  
 
Fig 1.1 Photograph of Aluminum Conductor Composite Core (ACCC) 
  8 
The metal matrix core (MMC) based HTLS conductor is designed to have 
significant property improvements over traditional ACSR conductors. These conductors 
have alumina fiber/aluminum matrix strands in the core. The aluminum matrix contains 
high purity aluminum. The alumina fibers are micrometer sized and are embedded in the 
aluminum matrix. The core consists of several alumina fiber/aluminum matrix strands 
and it is surrounded by high temperature aluminum –zirconium alloy wires. These wires 
can resist annealing up to temperatures of 210ᵒC [25].  The aluminum zirconium wires 
provide added strength to the conductor and can be arranged in round wire or trapezoidal 
configurations [25]. The key features of this conductor are high tensile strength, high 
conductivity and high strength to weight ratio [25]. Compared to ACSR, it can retain its 
tensile strength at temperatures above 100ᵒC and sags less at high temperature due to low 
coefficient of thermal expansion [10], [12], [18], [20], [23], [25]. Fig 1.2 shows the 
picture of ACCR, which is a MMC based HTLS conductor.  
 
Fig 1.2 Diagram of Aluminum conductor composite reinforced (ACCR) [12] 
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HTLS conductor technology is comparatively new. The utilities do not have 
enough confidence in the performance of these conductors. To familiarize with the 
operation and handling of HTLS conductors like ACCC and ACCR, various field trials of 
the conductors were undertaken by Arizona Public Service, San Diego Gas & Electric 
and other utilities [10], [26]. Arizona Public Service have tested 1020 kcmil ACCC 
DRAKE equivalent at 69 kV transmission system in Phoenix, Arizona. The conductors 
were installed between four spans in 2005 with a total length of 956 ft.  San Diego Gas & 
Electric have field-tested ACCR conductor of 795 kcmil which replaced ACSR 
conductor of 636 kcmil in a 69 kV transmission circuit in Oceanside, California. The 
conductors covered four spans of total length of 902 ft. The conductors were installed in 
2005. These field tests monitored the conductor loading, sag -tension, corona and electric 
and magnetic fields continuously. According to the results of these field tests, the 
conductors performed as expected with all the parameters normal. In addition to these 
field tests, 3M company have conducted their own outdoor tests on ACCR in Oak Ridge 
National Laboratory (ORNL) [27], [28]. The ACCR conductors were thermally cycled 
and exposed to various weather conditions. The conductors were then tested for residual 
tensile strength and stress-strain behavior. The results indicated that the conductors did 
not show any appreciable loss of tensile strength from clean conductor samples. Apart 
from field trails, manufacturing companies for ACCC and ACCR have tested the 
conductors for sag performance, fatigue, creep, aileron vibrations and stress strain 
relationships [12], [29]. Utilities and transmission operators around the world have 
successfully deployed ACCC and ACCR conductors commercially in various 
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environments like heavy ice and marine installation, densely populated areas, etc [29], 
[30]. 
Coefficient of thermal expansion of a transmission line is an important parameter. 
It indirectly determines the sag of a conductor, thus dictating thermal rating of the line. 
Various researches have been conducted to determine the coefficient of thermal 
expansion of the constituent materials of HTLS conductor. The coefficient of thermal 
expansion for carbon fibers and carbon fiber/epoxy composites has been extensively and 
experimentally determined in references [31]-[33]. The coefficient of thermal expansion 
for carbon fiber/epoxy composite range from K/106.0 6  to K/10001.0 6 in the 
direction of the carbon fibers in the composite. Burks , Armentrout and Kumosa [34] used 
the axial and transverse coefficient of thermal expansion of the carbon composite core in 
ACCC to develop finite element models to predict the axial and transverse stresses in the 
core due to thermal mismatch between the carbon fibers, glass fibers and epoxy matrix. 
National Electric Energy Testing Research and Applications Center (NEETRAC) 
performed coefficient of thermal expansion measurements for ACCR and it was noted 
that the difference or mismatch in thermal expansion characteristics between the metal 
matrix core and the aluminum conductor wires caused complex behavior of the conductor 
[35]. Thermal kneepoint of a conductor plays an important role in determining the 
thermal expansion of the conductor [36]. Below the thermal kneepoint, the coefficient of 
thermal expansion of a conductor is due to both aluminum wires and the core. Above the 
thermal kneepoint, the core carries the load almost entirely and consequently the 
coefficient of thermal expansion of the conductor reflects that of the core. Since HTLS 
conductors cores of ACCR and ACCC have very low coefficient of thermal expansion as 
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compared to ACSR, HTLS conductors sag less at high temperatures than ACSR. In fact, 
above the thermal kneepoint, ACCC shows the unique feature of almost flat sag 
temperature characteristics [37]. The thermal kneepoint for HTLS conductors like ACCR 
and ACCC occurs at lower temperatures than that of ACSR [10]. 
Bosze [38] showed that there is a correlation between the loss of tensile strength 
of carbon composite core of HTLS conductor and loss of storage modulus of the carbon-
fiber/epoxy section of the core. Dynamic Mechanical Analysis (DMA) was used to 
determine the loss of storage modulus with temperature. The normalized curve of loss in 
storage modulus is equivalent to the normalized curve of loss in tensile strength. The 
















T                                                (1.1) 
Where, 
s  is the tensile strength at temperature T  
To  is the tensile strength at temperature oT  
TE
'  is the storage modulus at temperature T  
'
ToE  is the storage modulus at temperature oT  
In DMA, a sinusoidal stress force is applied to visco-elastic material such as 
carbon fiber/epoxy composite [39], [40]. The strain response of the material is also 
sinusoidal but lags the stress by an angle. This phase difference is due the energy 
absorbed in the material without performing any deformation. This is analogous to a 
response of an R-L circuit to a sinusoidal voltage. This leads to the concept of complex 
modulus in viscoelastic materials. The complex modulus is given by equation (1.2), 
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''' iEEE                                                    (1.2) 
Where, 
E  is the complex modulus, 
'E  is the storage modulus, 
''E  is the loss modulus. 
The storage modulus is related to the shear modulus by equation (1.3), 
)1(2'  GE                                                   (1.3) 
Where, 
G  is the shear modulus, 
  is the Poisson’s ratio.  
Mathematically, the relationship of between shear modulus and tensile strength of 



























                                    (1.4) 
Where, 
g  is the tensile strength at the glassy region, 
  is the tensile strength at temperature T and time to failure st . 
gG  is the shear modulus at the glassy region, 
G  is the shear modulus at temperature T and time to relaxation rt . 
m is the Weibull shape parameter.  
Glass transition temperature (Tg) is an important property of visco-elastic 
material. It is the temperature at which the material changes from glass state to 
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amorphous state [40]. The change is associated with the loss of stiffness of the visco-
elastic material. Glass transition temperature can be determined with the help of various 
techniques such as Differential Scanning Calorimetry (DSC), Thermal Mechanical 
Analysis (TMA) and DMA where DMA is considered the most sensitive technique to 
measure Tg [42].  There are several methods to determine glass transition temperature in 
DMA analysis [43]. Tan delta peak is used in the DMA of ACCC carbon core as the glass 
transition temperature. This method reflects the midpoint between the glassy and rubbery 
states of the material [43]. 
Rossoll [44] predicted the failure mechanism of ACCR metal matrix core under 
tensile load. In this research, local load sharing (LLS) mechanism and global load sharing 
(GLS) mechanism were applied to the failure of the conductor core. The predicted tensile 
strength values of the conductor core at different temperatures by the LLS mechanism 
were in good agreement with the experimental values. The strength of the core decreased 
by 4% from room temperature to 200ᵒC. The loss of tensile strength of the core at 300ᵒC 
was 10%. At 600ᵒC, the loss of tensile strength was 30%. The melting point of the  
aluminum in the metal matrix is 650ᵒC.  
Thermal aging experiments on HTLS conductors provide insight on the 
mechanical response of the conductors to stress due to heat. Thermal aging of carbon 
composite cores presented in references [45]-[47] shows that the cores retain its tensile 
strength at room temperature. It also reveals that the glass fiber layer of the core protects 
the carbon fiber layer from oxidation. Thermal aging at different temperatures and 
lifetime modeling of aluminum zirconium alloy wires and alumina/aluminum matrix core 
used in ACCR were carried out by 3M company [48], [49]. The core samples were aged 
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at up to 500ᵒC for a maximum of 2000 hours whereas the aluminum-zirconium alloy wire 
samples were aged at up to 400ᵒC for a maximum of 1000 hours. The studies concluded 
that that there is statistically insignificant variation in the tensile strength of the aged core 
samples at room temperature and the aged samples retained their tensile strength. 
Lifetime modeling based on thermal aging of the aluminum-zirconium alloy wires 
concluded that the wires would lose 10% of its strength in 40 years when exposed 
continuously to 240ᵒC. 
1.4 Steady state and transient thermal ratings of overhead transmission conductors 
Every overhead transmission line has a maximum operating temperature, which 
determines the thermal rating of the line. The thermal rating depends on the ambient 
weather parameters, conductor characteristics and conductivity [21], [47]. The passage of 
current through the conductor produces heat and along with solar radiation absorbed by 
the conductor balances the heat loss through convection and radiation [5], [21]. 
Traditionally, thermal ratings of overhead conductors are determined by assuming 
conservative values of ambient weather parameters such as 0.61 ft/s wind speed and high 
ambient temperature of 40ᵒC [21]. The conductor characteristics include emissivity and 
absorptivity, which are usually taken as 0.5 [21]. CIGRE and IEEE have standardized the 
process of calculating the thermal ratings of overhead transmission lines [21], [50]. The 
latest IEEE standard for calculating the current temperature relationship of overhead bare 
conductors is the IEEE 738-2006 [21]. 
Thermal ratings indirectly provide the ampacity of the conductor. Ampacity is the 
maximum amount of current that a conductor can carry at the maximum allowable 
temperature under a certain set of weather parameters and conductor characteristics [47]. 
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The maximum allowable temperature or the design temperature of the conductor depends 
on the sag and loss of tensile strength of the conductor with temperature. The thermal 
rating of the line depends on the aging of the line since the conductor characteristics 
changes with time [21]. These factors have to be taken into account when estimating the 
current carrying capacity of the line over its lifetime. 
The steady state thermal rating of the line is calculated when the line is in thermal 
equilibrium. Whereas, the transient thermal rating of the line provides the rate of 
temperature rise to its steady state value when there is a step increase in the current 
flowing though the conductor. The rate of temperature rise depends on the conductor’s 
overall heat capacity [21]. The temperature of the conductor will rise slowly if the heat 
capacity of the conductor is high and vice versa. In transient thermal rating calculations 
due to fault currents, the heat capacity of the conductor core is generally neglected for 
fault duration of less than 60 seconds [21]. The thermal time constant for transient 
thermal rating calculations depends on the ac resistance of the conductor, heat capacity 
and difference between the square of the final and initial current magnitudes [21]. 
1.5 Thesis organization 
In chapter 2, thermal aging experiments of carbon composite cores are presented. 
The carbon fiber/epoxy samples from ACCC is used for the experiments. The physical 
changes of the carbon composite cores due to heat exposure are observed with the help of 
an optical microscope and are described in this chapter. An explanation of the observed 
physical changes is also given.  
Chapter 3 describes the TMA experiments for obtaining the coefficient of thermal 
expansion of the composite conductor cores. Detailed analysis of the experimental results 
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is discussed. The mean and standard deviation of the thermal expansion coefficient of 
both metal matrix core and carbon composite core is established. 
In chapter 4, DMA of carbon composite cores is presented and loss of storage 
modulus of the carbon core with temperature is obtained. Analysis of the loss of storage 
modulus of the cores is described. Percentage loss of tensile strength of the conductor 
core is estimated with the help of the loss of storage modulus of the carbon cores.  
In chapter 5, the tensile testing of metal matrix core is described. Development of 
new custom grips for the tensile testing is discussed. Stress – strain relationship of the 
core is established from the load – displacement curve obtained from the tensile test.  
Chapter 6 describes the calculation of current temperature relationships and 
temperature rise due to fault currents for the composite core conductors with the help of 
IEEE 738-2006 standard. The chapter also discusses the C++ programs written to 
simulate the temperature rise due to steady state currents and transient fault currents. The 
effect of the temperature rise due to fault currents on the structure of the composite cores 
has been discussed.  
Chapter 7 provides the conclusion on the study of HTLS conductors with 
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CHAPTER 2 
HEAT TREATMENT OF CARBON COMPOSITE CORES 
This chapter describes the heat treatment or thermal ageing of carbon composite 
cores of HTLS conductors. The maximum continuous operating temperature for these 
types of HTLS conductors is 180ᵒC, with an emergency maximum temperature of 200ᵒC 
[11]. The epoxy matrix of the carbon composite core is an organic material and organic 
materials are susceptible to degradation at high temperatures [17], [47]. Thus, 
degradation of the carbon composite core may occur due to heat treatment. Heat 
treatment of the carbon composite cores at various temperatures was performed in order 
to observe the degradation of the carbon fiber/epoxy matrix section as well as the glass 
fiber/epoxy matrix shell of the carbon composite. 
2.1 Test setup 
The test setup consists of high temperature Muffle Furnace. The muffle furnace is 
of Barnstead/Thermolyne Corporation make [51]. These are general purpose laboratory 
furnace and has a temperature range of 25ᵒC - 1700ᵒC. The maximum ramp rate as 
detailed in its user manual is 100ᵒC/min. The muffle furnace consists of abrasive heating 
elements made up of alumina and silica. The thermocouple is made from a precious 
metal. The current controller of the furnace compares the temperature in the furnace 
chamber with the temperature set point and provides the appropriate current to its heating 
elements. In case of overheating due to overcurrents, relays and circuit breakers are 
provided.  
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The temperature of the heat treatment of the samples is programmed into the 
furnace. Samples were kept in isothermal zones of 125ᵒC, 175ᵒC, 200ᵒC, 250ᵒC and 
300ᵒC for 24 hours each. Some samples were kept for 40 hours at 125ᵒC. The 
environment inside the muffle furnace chamber were the samples were kept was air.  The 
test setup is shown in Fig 2.1. 
 
Fig 2.1 Muffle furnace used for the heat-treatment of the carbon composite cores 
2.2 Sample description 
The samples used in this experiment were sectioned out from the ACCC carbon 
core. The ACCC carbon core consists of concentric glass fiber/epoxy matrix shell 
covering the carbon fiber/epoxy matrix rod. The samples were 1-2 cm in length and had a  
diameter of 9.53 cm, which is the diameter of the core in DRAKE sized ACCC. Fig 2.2 
shows the cross section of an untreated sample. The samples were cut from the ACCC 
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core rod with the help of carbide cutting tool.  The difference in the coefficient of thermal 
expansion of the components of the core such as glass fiber/epoxy and carbon fiber epoxy 
can contribute to thermal stresses during thermal aging [34]. There are two types of 
interfaces present in the sample [34] –  
1. Fiber matrix microscopic interface 
2. Composite – Composite macroscopic interface (e.g. glass fiber/epoxy – carbon 
fiber/epoxy) 
 
Fig 2.2 Cross section view of untreated carbon composite core 
2.3 Results and discussion 
The thermal aging of samples heat treated at different temperatures are shown in 
the Fig 2.3 – 2.7. Fig 2.3 shows the cross section of the sample heat – treated at 125ᵒC for 
24 hours. It can be seen that there are no cracks on the cross section of the sample. Fig 
2.4 shows the sample heat – treated at 150ᵒC for 24 hours. Radial cracks on the cross 
section of the sample can be seen. Fig 2.5 shows the cross section of the sample kept at 
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200ᵒC for 24 hours. Similarly, Fig 2.6 and 2.7 shows the cross section of the sample for 
250ᵒC and 300ᵒC.   
 
Fig 2.3 Cross section of the sample heat-treated at 125ᵒC for 24 hours 
 
Fig 2.4 Cross section of sample heat treated at 150ᵒC for 24 hours 
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Fig 2.5 Cross section of the sample heat – treated at 200ᵒC for 24 hours 
 
Fig 2.6 Cross section of the sample heat – treated at 250ᵒC for 24 hours 
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Fig 2.7 Cross section of the sample heat – treated at 300ᵒC for 24 hours 
The sample became heavily degraded due to thermal aging after 24 hours at 
250ᵒC and 300ᵒC. Numerous radial cracks on the carbon fiber/epoxy section as well as 
on the glass fiber/epoxy section appeared.  Some of the cracks covered the entire width of 
the core sample. Fig 2.8 – 2.11 shows the cracks on the macroscopic interface between 
the glass fiber/ epoxy and carbon fiber/epoxy of the sample kept at 150ᵒC, 200ᵒC, 250ᵒC 
and 300ᵒC for 24 hours respectively. The cracks on the interface increased in width with 
the increase in degree of heat – treatment of the sample. The cracks can be attributed to 
the difference in the thermal expansion coefficients of the glass fibers, carbon fibers and 
the epoxy matrix. At high temperatures, these materials expand differently at different 
rates. This causes development of thermal stress both between the fiber-matrix and glass 
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fiber/epoxy – carbon fiber/epoxy [34]. Thus, it leads to cracking of the epoxy matrix and 
the macroscopic interface. 
 
Fig 2.8 Macroscopic interface of the sample heat treated at 150ᵒC for 24 hours 
 
Fig 2.9 Macroscopic interface of the sample heat treated at 150ᵒC for 24 hours 
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Fig 2.10 Macroscopic interface of the sample heat treated at 250ᵒC for 24 hours 
 
Fig 2.11 Macroscopic interface of the sample heat treated at 300ᵒC for 24 hours 
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From the heat treatment of the carbon composite cores the following points were noted – 
1. ACCC conductor core samples withstood sustained temperature of 125ᵒC without 
any development of cracks on the cross section . 
2. Cracks across the composite-composite interface and across carbon fiber/epoxy 
section were observed at 150ᵒC and above. These cracks are due to mismatch of 
coefficient of thermal expansion between glass fibers, carbon fibers and epoxy. 
3. At temperatures at or above 250ᵒC, the width of the cracks and fissures across the 
core and the glass fiber/epoxy – carbon fiber/epoxy increased as compared to the 
cracks at lower temperatures. Radial cracks from the glass fiber/epoxy –carbon 
fiber/epoxy boundary across the glass fiber/epoxy section were observed. This 
radial cracks may expose the carbon fiber/epoxy portion to the atmosphere which 
will cause accelerated ageing [45], [46]. 
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CHAPTER 3 
THERMAL MECHANICAL ANALYSIS OF HTLS CONDUCTOR CORES 
Coefficient of thermal expansion of a material is an important mechanical 
property. It provides an insight on the material response to temperature exposures. The 
sag of a transmission conductor is dependent on its coefficient of thermal expansion [20]. 
At the thermal kneepoint, most of the load on the conductor shifts to its core and thus the 
core controls the expansion of the conductor after the kneepoint [10], [36], [37]. HTLS 
conductor cores consist of multiple components such as carbon fiber in epoxy matrix for 
composite cores and alumina fibers in aluminum matrix. The mismatch of coefficient of 
thermal expansion between these materials can create micro and meso stresses [34].  In 
this chapter, thermal mechanical analysis (TMA) on carbon composite and metal matrix 
cores to obtain the respective coefficient of thermal expansions has been addressed. The 
results obtained from TMA of HTLS cores were analyzed to get the average coefficient 
of thermal expansion of the cores in the temperature range of room temperature - 300ᵒC. 
3.1 Thermal mechanical analysis 
Thermal mechanical analysis detects dimensional changes in a material in 
response to change in temperature. Coefficient of thermal expansion can be calculated 
from the dimensional changes such as change in length of the material. In case of the 
carbon composite core and metal matrix cores of HTLS conductors, coefficient of 
thermal expansion in the longitudinal direction is of primary concern. The TMA system 
calculates thermal expansion coefficient is calculated by with the help of the following 
equation, 













             (k = 1..n)                        (3.1) 
Where, 
  is the coefficient of thermal expansion of the sample, 
oL  is the sample length at reference temperature, 
oL  is the change in length at reference temperature, 
kL is the change in length at temperature kT , 
oT  is the reference temperature 
The TMA system gathers the data points corresponding to 
k for every measured 
point k. An important consequence of equation (3.1) is TMA system can track variation 
in coefficient of thermal expansion of a material with temperature. The average 
coefficient of thermal expansion (αavg) of a material in a certain temperature range is 








                                           (3.2) 
Where, 
finalL  is the final length of the material, 
initialL  is the initial length of the material, 
finalT  is the final temperature of the material, 
initialT is the reference temperature 
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The software section of the TMA system applies signal correction procedures 
after the collection of data from the sample material under study. The three important 
signal correction procedures are [52] – 
1. Zero correction – In this type of correction, the difference between the expansion 
of the piston and the sample holder is subtracted from the expansion curve of the 
sample. The curve signifying the difference between the expansion of the piston 
and the sample holder is called the zero curve.  
2. Piston correction – The piston correction determines the change in length of the 
piston during the test and compensates this elongation by applying the coefficient 
of thermal expansion of the piston to the data curve to get an accurate expansion 
curve of the sample.  
3. X-axis smoothening – This helps in smoothening the data curve over the 
investigated temperature range.  
The accuracy of TMA measurements decreases when the coefficient of thermal 
expansion of the sample is much lower than the coefficient of thermal expansion of the 
sample holder [52]. In order to make the measurements more accurate, the sample holder 
should have a low coefficient of thermal expansion and the ramp rate of the temperature 
used in such tests should be limited to 2-5 K/min [52]. 
3.2 Test details 
Linseis TMA/DMA L77 system was used to perform thermal mechanical analysis 
of the carbon composite core and the metal matrix core. Fig 3.1 shows the Linseis  
TMA/DMA L77 system. It consists of three parts in the hardware design [ 53]. The upper 
part of the system houses the LVDT sensor, its control circuits, amplifier, thermocouples 
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and the thermostat. The measuring head, which contains the piston and the sample holder, 
is connected to the LVDT sensor. The expansion of the sample causes the piston to move 
and this motion is converted into electrical signal by the LVDT. The control circuits  
control the linear motor that applies static or dynamic force on the sample. The system 
provides a cylindrical furnace, which can completely cover the glass tube housing the 
sample holder and piston to provide uniform heating. The thermostat controls the 
temperature. The whole system is interfaced with a PC with MS-Windows running 
Linseis data acquisition and evaluation software. TMA/DMA L77 is very sensitive to 
vibrations, which can distort the data signals. In order to overcome this problem to a 
certain extent, the legs of the machine are kept on a material, which can absorb those 
materials.  
 
Fig 3.1 Thermal mechanical analysis (TMA) test system 
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Linseis data analysis software consists of three sections [53] – 
1. Data acquisition section – In this section, the system acquires the dimensional 
change data from the TMA tests and stores it in the memory. The system also 
records the information about the sample and initial test conditions in this section.  
2. Evaluation section – The data acquired from the system is analyzed and 
evaluated. This section also performs corrections on the data, if needed. Various 
parameters like coefficient of thermal expansion, relative and absolute change in 
length of the sample are calculated from the acquired data. 
3. Programming section – This section is concerned with the programming of the 
number of temperature cycles, its ramp rate and dwell time for the TMA tests.  
The following Table 3.1 lists out the test details for the evaluation of the 
coefficient of thermal expansion of the carbon composite core and metal matrix core of 
HTLS conductors. 
Table 3.1  
Test details for thermal mechanical analysis of the HTLS conductors  













ACCR 10.1 2.5 6 RT-300 5 
ACCC 9.89 7.0 5 RT-300 5 
 
Six tests were performed on ACCR metal matrix core sample and five tests were 
performed on ACCC carbon composite core sample. The length of the metal matrix core 
sample was 10.1 mm and the length of carbon composite core sample was 9.89 mm. The 
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temperature was ramped from ambient to 300ᵒC and a temperature ramp rate of 5ᵒC/min 
was chosen.  
3.3 Sample description 
The samples used in the experiments were carbon fiber/epoxy matrix and alumina 
fiber/ aluminum matrix cylindrical rods with smooth flat surface at the top and bottom. A 
smooth surface profile is important because the piston tip contacts the sample on the top 
and an uneven surface might cause the piston tip to slip introducing error in the signa l for 
change of length of the sample. The carbon fiber/epoxy matrix rod was obtained from the 
core of ACCC after stripping off the outer glass fiber/epoxy matrix shell.  The alumina 
fiber/aluminum matrix rod was sectioned out from ACCR core.  
3.4 Experimental procedure 
Thermal mechanical analysis is a non-destructive testing method. The samples do 
not require special preparation for the testing. The following lists out the procedure 
undertaken to perform CTE tests for ACCR and ACCC core samples –  
1. The sample was mounted on the sample holder and the tip of the piston, 
connected to the LVDT, was made to touch the sample on its flat surface. 
2. A protective outer glass tube was used to cover the assembly.  
3. The furnace was then introduced to cover the sample. 
4. Initial test conditions were entered in the Linseis TMA/DMA L77 software. A 
static force of 0 mN was chosen in order to obtain the thermal expansion data. 
The temperature ramp rate for the tests was 5ᵒC/min. 
5. The temperature was ramped from ambient to 300 ᵒC 
  32 
6. Once the software had gathered the data for the thermal expansion of the sample, 
zero measurement correction and piston correction were applied to the acquired 
signal in order to take care of the thermal expansion of the piston and the sample 
holder. 
7. The resultant thermal expansion data were then analyzed to obtain the mean of the 
coefficient of thermal expansion from the tests. 
3.5 Results 
The Linseis data analysis software captured the thermal expansion data from the 
experiments for ambient - 300ᵒC. Fig 3.2 shows the result from the thermal expansion 
tests on ACCR core sample. It can be seen that the change in length with temperature 
over the range of ambient - 300ᵒC for ACCR core sample was approximately 16 µm. 
Correspondingly, the coefficient of thermal expansion of the samples increased from 
approximately K/105 6  to K/106 6 with temperature. The sudden variations in the 
curve for change in length and coefficient of thermal expansion with temperature 
observed in few tests were due to noise in the data signals introduced by stray vibrations.  
Fig 3.3 shows the results obtained from the thermal expansion tests on the carbon 
fiber/epoxy part of ACCC core sample. The tests for ACCC carbon core show that the 
final change in length of the sample with temperature was -2.5µm. Consequently, the 
coefficient of thermal expansion of the ACCC core sample decrease from K/105.0 6 at 
initial temperature to K/105.0 6 at final temperature. The coefficient of thermal 
expansion of the carbon fiber/epoxy sample becomes negative since the thermal 
expansion coefficient of the constituent carbon fibers is negative and it dominates the 
mechanical properties in the axial direction. 
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Fig 3.2 Comparison of change in length and coefficient of thermal expansion for ACCR 
core samples 
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Fig 3.3 Comparison of change in length and coefficient of thermal expansion for ACCC 
core samples 
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3.6 Analysis of TMA test results 
The data analysis section of the TMA software was employed to analyze the 
coefficient of thermal expansion curves obtained in the tests for ACCR and ACCC core 
samples. The mean, maximum and minimum of the coefficient of thermal expansion 
curves obtained from different tests on ACCR core sample is given in Fig 3.4. 
 
Fig 3.4 Maximum, minimum and mean of coefficient of thermal expansion curves for 
ACCR core samples 
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Fig 3.4 indicates that the coefficient of thermal expansion of the metal matrix core 
lies between K/105.4 6  and K/105.6 6 in the temperature range of 130ᵒC - 300ᵒC. 
The mean, maximum and minimum of the coefficient of thermal expansion curves 
obtained from different tests on ACCC carbon fiber/epoxy core sample is given in Fig 
3.5. 
 
Fig 3.5 Maximum, minimum and mean of coefficient of thermal expansion curves for 
ACCC core samples 
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Fig 3.5 indicates that the coefficient of thermal expansion of the metal matrix core 
lies between K/100.1 6  and K/102 6 for temperatures above 120ᵒC. The average 
coefficient of thermal expansion 
avg of the ACCR core sample and the ACCC carbon 
finer/epoxy core sample in each test was calculated with the help of equation (3.2). The 
calculations are summarized in Tables 3.2 and 3.3. 
Table 3.2 
Summary of the average coefficient of thermal expansion (
avg ) calculations for the 
ACCR core sample  
Test no 







1 16.52 280.5 5.837 
2 16.72 279.2 5.923 
3 17.78 279.8 6.293 
4 15.81 283 5.534 
5 16.4 282 5.756 
6 17.58 279 6.243 
  
The mean of the average coefficients of thermal expansion )( _ avgmean  of ACCR 
core sample calculated in each test were obtained with the help of the following equation 













                                                            (3.4) 
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Where, 
N = 6 
KDS /10663.2. 7                                                              (3.6) 
Thus, the average coefficient of thermal expansion of ACCR metal matrix core in 
the temperature range of ambient - 300ᵒC is K/10931.5 6  according to the thermal 
mechanical analysis. 
Table 3.3 
Summary of the average coefficient of thermal expansion (
avg ) calculations for the 
ACCC CF/epoxy core sample  
Test no 







1 -2.23 283 -0.799 
2 -3.05 280.2 -1.102 
3 -0.54 283 -0.193 
4 -2.7 280.2 -0.974 
5 -1.61 279.4 -0.584 
 
 The mean of the average coefficients of thermal expansion )( avg  of ACCC 
carbon fiber/epoxy core sample calculated in each test (ambient - 300ᵒC) –  













                                                    (3.8) 













                              (3.9) 
Where, 
N = 5 
KDS /10202.3. 7                                                        (3.10) 
Thus, the average coefficient of thermal expansion of ACCC carbon fiber/epoxy 
core in the temperature range of ambient - 300ᵒC according to the thermal mechanical 
analysis is K/10731.0 6 . The negative coefficient of thermal expansion of carbon 
fiber/epoxy and positive coefficient of glass fiber/epoxy in the ACCC composite core 
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CHAPTER 4 
DYNAMIC MECHANICAL ANALYSIS OF CARBON COMPOSITE CORES 
Dynamic mechanical analysis (DMA) is a thermal analysis technique that is 
employed to determine the stiffness of a visco-elastic material [39], [40], [42]. It provides 
important information on the storage modulus, loss modulus and tan delta of the material.  
The carbon composite core of HTLS conductors is a visco-elastic material because of the 
presence of epoxy. It has been shown that the tensile strength of a unidirectional hybrid 
glass fiber-carbon fiber/epoxy matrix rod has a correlation to the storage modulus of the 
unidirectional carbon fiber/epoxy part of the rod [38]. This correlation indicates that the 
normalized values of storage modulus with temperature are equal to the normalized 
values of the tensile strength with temperature of the hybrid composite. Thus, DMA can 
be applied to the carbon composite cores of HTLS conductors to determine the variation 
of storage modulus with temperature. This will then give an estimate on the variation of 
the tensile strength of the HTLS carbon composite core. In this chapter, DMA of carbon 
fiber/epoxy matrix samples from ACCC core is described and the results and analysis is 
presented. 
 4.1 TA instruments DMA Q800 
TA instruments DMA Q800 [54] was used for dynamic mechanical analysis of 
the carbon fiber/epoxy core of ACCC. The machine consists of a non-contact drive 
motor, which applies sinusoidal force for the sample deformation, a drive shaft for force 
guidance and optical encoder displacement sensor. A furnace provides temperature 
control with the help of two thermocouples. The thermocouples are located close to the 
clamps that hold the sample. The clamps have high stiffness and low mass. The clamp 
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consists of fixed and movable part. The moveable part is connected to the drive shaft. 
There are three different types of clamps depending on the mode of deformation. These 
modes of deformation are [54] –  
1. Single/Dual cantilever bending mode – In this mode, the sample is clamped down 
at either ends or a single end by fixed clamps. A movable clamp applies the 
bending force at the center of the sample. 
2. Tension mode – In this mode, the sample is placed in tension between a fixed and 
a moveable clamp. Thin films are particularly suited for this type of mode. 
3. Compression mode – The sample is placed in compression between a fixed and a 
moveable plate. 
4. Shear mode – Two pieces of the same sample is secured between two fixed plates 
and a moveable plate.  
5. 3-Point bending mode – In this mode, the sample is supported at both ends and 
the moveable clamp applies the bending force. 
Samples with rectangular geometry are suitable for single/dual cantilever or 3-
point bending mode.  The DMA Q800 can deliver a maximum force of 18 N and have a 
frequency range of 0.001 to 200 Hz. The temperature range in which it can operate is -
150ᵒC to 600ᵒC. Special gas cooling accessory is required for sub ambient operation. 
DMA Q800 is capable of providing various modes of operation such as multi-frequency, 
multi-stress/strain, isostrain, creep/stress relaxation and controlled force/strain rate [54]. 
The system is connected to a computer that runs TA instruments DMA software. The 
DMA software has the capability to control, acquire and analyze the data from the 
experiments. Fig 4.1 shows the TA instrument DMA Q800 system. 
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Fig 4.1 The dynamic mechanical analysis test system 
4.2 Test details  and procedure 
DMA was performed on the samples with the help of TA instruments DMA 
Q800. The objective was to quantify the reduction in storage modulus with temperature 
and determine glass transition temperature of the samples. The mode of deformation 
chosen was the dual cantilever bending mode and dual cantilever clamps were installed. 
The samples were secured by the clamps with the help of a torque wrench set at 9 in-lbs. 
The mode of operation was multi-frequency mode at fixed frequency. An oscillating 
force of fixed frequency and amplitude 1 Hz and 20 µm respectively was applied 
perpendicular to the direction of the carbon fibers in the sample. A furnace covering the 
stage area holding the clamps achieved the heating of samples. The samples were heated 
from Ambient - 300ᵒC with a temperature ramp rate of 5ᵒC/min. The instrument and the 
clamps were calibrated in order to ensure accuracy of the data collected. The instrument 
and clamp calibration report is given in the Table 4.1 and 4.2 respectively. Several 
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samples, prior to the DMA experiments, were heat treated at 125ᵒC, 175ᵒC and 250ᵒC for 
120 hours in a muffle furnace. Data analysis was done with the help of TA instruments 
DMA software. 
Table 4.1  





Position  Calibrated 
 
Table 4.2  
Clamp calibration report 
Type Mass Offset Compliance Size 
Dual Cantilever 29.5 gm 0.00 mm 0.181 µm/N 35 mm 
 
1. DMA of untreated/ virgin samples - DMA with the conditions discussed above 
were performed on three untreated samples. The storage modulus and glass 
transition temperature of untreated samples were taken as the average of the three 
samples. One virgin sample was sent to Cambridge Polymer Group, Boston for 
DMA to determine the storage modulus variation with temperature of the sample. 
The result was received and is reproduced in appendix B.   
2. DMA of heat treated samples – Twelve heat treated samples, with four samples in 
each heat treated batch (125ᵒC, 175ᵒC and 250ᵒC), were subjected to DMA with 
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the above conditions.  The storage modulus and the glass transition temperature 
values obtained for 125ᵒC, 175ᵒC and 250ᵒC heat treated samples were averaged 
from the values of the four samples in each heat treated batch. 
The data files gathered from the experiment were loaded into excel sheets and 
relevant graphs were plotted in MATLAB software. The data file includes information 
about storage modulus, loss modulus, temperature and tan delta values. Fig 4.2 shows the 
experimental setup. 
 
Fig 4.2 DMA experimental setup 
4.3 Sample description 
Samples were machined out from the carbon fiber/epoxy composite part of 
DRAKE size ACCC core and had rectangular dimensions. It measured 60 mm in length, 
4 mm in width and 1.6 mm in height. Samples were checked for any surface defects prior 
to the experiments. The samples cons ist of unidirectional carbon fibers embedded in 
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epoxy matrix.  Fig 4.3 shows a carbon fiber fiber/epoxy composite sample from ACCC 
core. 
 
Fig 4.3 Carbon fiber/epoxy matrix samples from ACCC core 
4.4 Results 
Dynamic mechanical analysis provides the loss of storage modulus of ACCC 
carbon fiber/epoxy core with temperature. The loss in tensile strength of the ACCC 
carbon core from room temperature can be estimated from the storage modulus curve 
with temperature [38]. The error in the values between normalized storage modulus and 
normalized tensile strength of the conductor is normally less than 10% [38]. The peak of 
tan delta curve characterizes the glass transition temperature (Tg) of the sample. Fig 4.4 
shows the loss in storage modulus and tan delta for the untreated samples. The graph 
shows the average values of storage modulus and tan delta of the three untreated samples. 
Similarly, the results of DMA on heat-treated samples are shown in Fig 4.5 – 4.7. Fig 4.8 
compares the loss in storage modulus with temperature and the glass transition 
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temperature (characterized by the peak of the tan delta curve) of the untreated and heat-
treated samples.  
 
Fig 4.4 Storage modulus and tan delta of virgin samples  
 
Fig 4.5 Storage modulus and tan delta of samples heat treated at 125ᵒC 
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Fig 4.6 Storage modulus and tan delta of samples heat treated at 175ᵒC 
 
Fig 4.7 Storage modulus and tan delta of samples heat treated at 175ᵒC  
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Fig 4.8 Comparison of DMA of untreated and heat – treated samples  
DMA results of both untreated and heat treated samples, except 250ᵒC heat-
treated samples, indicate that the samples retain their storage modulus until 110ᵒC -
120ᵒC. This is followed by a rapid drop in storage modulus in the temperature range of 
120ᵒC - 200ᵒC. The storage modulus plateaus after 200ᵒC, which is followed by another 
drop in storage modulus after 250ᵒC. For the 250ᵒC heat-treated samples, the storage 
modulus is retained until 130ᵒC. The decline of storage modulus for 250ᵒC heat-treated 
samples is gentler compared to untreated and other heat treated samples. Fig 4.8 indicates 
that the slope of decline in storage modulus is the sharpest for the untreated samples and 
decreases progressively as the degree of heat-treatment of the samples increases. Fig 4.8 
also show that the glass transition temperatures shift towards higher temperatures with 
increasing order of heat treatment of the samples. The observed shift in the glass 
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transition temperature can be explained by considering that the epoxy matrix of the 
untreated sample is not fully cured. Heat treatment of the samples increased the cross 
linked density of the matrix which raises the glass transition temperature. This is called 
post curing of epoxy [46], [55], [56]. Here, the heat treatment caused post curing of the 
epoxy matrix in the sample.  
The glass transition temperature reflects the cure temperature if the cure 
temperature is less than the glass transition temperature of the fully cured network [56]. 
The cure plot of epoxy is available in reference [56]. However, if the cure temperature is 
greater than the glass transition temperature of the fully cured network of epoxy matrix, 
then the observed glass transition temperature would be less than the cure temperature 
[56]. Thus, three cases for the epoxy matrix, having a fully cured glass transition 
temperature of  TGinf, cured or heat treated at To are described, 
1.  To less than TGinf – In this case, Tg becomes equal to To. As To increases, the Tg of 
the network correspondingly increases. 
2. To equal to TGinf – In this case, Tg becomes equal to TGinf.  
3. To is greater than TGinf – In this case, Tg is less than To. As To increases, the Tg of 
the network correspondingly decreases and vice versa. Degradation of the cross-
link of the epoxy matrix takes place. 
It is important to note here that the cross-linked network of epoxy eventually 
reaches full cure in a long time at ambient conditions [56]. Cure temperatures accelerate 
the process [55], [56]. The fact that the glass transition temperature increases after heat 
treatment of the samples shows that the epoxy matrix in the samples was not fully cured.  
From Fig 4.4, it can be seen the untreated samples had two tan delta peaks at around 
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132ᵒC and 174ᵒC. This indicates two polymerization reactions. For 125ᵒC heat-treated 
samples, the glass transition temperature was 176ᵒC approximately. This is almost equal 
to the glass transition temperature of the untreated samples. The glass transition 
temperature was 182ᵒC for 175ᵒC heat-treated samples. The glass transition temperature 
for 175ᵒC heat-treated samples was greater than 175ᵒC because of a small amount of 
additional post curing induced due to temperature scan until 300ᵒC during DMA. 
However, for 250ᵒC heat-treated samples, the glass transition temperature was 238ᵒC, 
which is less than the post cure temperature (250ᵒC). This shows that the heat treatment 
temperature of 250ᵒC was more than the glass transition temperature of the fully cured 
network for epoxy matrix. Since the glass transition temperature of 250ᵒC heat-treated 
samples was close to the temperature of heat treatment (250ᵒC), the glass transition 
temperature of the fully cured network of the epoxy matrix of the samples was 
approximately 250ᵒC. 
4.5 Analysis 
The results obtained from the DMA experiments were analyzed to quantify the 
loss of storage modulus (hence tensile strength of the ACCC composite core) with 
temperature. Table 4.3 summarizes the results for the DMA experiments and provides the 
loss of storage modulus (hence tensile strength) of the untreated and heat-treated samples 
at 125ᵒC, 175ᵒC and 250ᵒC. The heat-treated samples retained their storage modulus 
(hence tensile strength) at ambient conditions after the heat treatment. The loss of storage 
modulus for untreated samples operating at 125ᵒC, 175ᵒC and 250ᵒC were more than 
heat-treated samples. Heat treatment (post curing) of samples at or above 125ᵒC 
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improved the storage modulus (hence tensile strength) characteristics, which can be 
attributed to increased cross-link density of the polymer due to post curing [55], [56].   
Table 4.3  
Summary of the DMA results  
Temperature 
(ᵒC) 
Storage Modulus (ᵒC) Reduction in Storage Modulus (%) 
Untreated 
Sample 
Heat Treated Samples Untreated 
Samples 
Heat Treated Samples 
125ᵒC 175ᵒC 250ᵒC 125ᵒC 175ᵒC 250ᵒC 
Ambient 
74977 72237 77209 73584 - - - - 
125ᵒC 
59163 63768 71375 68827 21 11 7 6 
175ᵒC 
24356 28865 36318 54563 67 60 53 25 
250ᵒC 
15935 17813 20873 25185 78 75 73 65 
 
 
Fig 4.9 Graph showing storage modulus at different temperatures for the untreated and 






























Storage modulus at different temperatures 
Ambient Temperature 125ᵒC 175ᵒC 250ᵒC 
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Fig 4.10 Graph showing reduction in storage modulus (hence tensile strength) at different 
temperatures for the samples  
Equation (1.1) gives the relationship between the storage modulus of the carbon 
fiber/epoxy core and the tensile strength of the hybrid core of glass-carbon fiber/epoxy. 
The tensile strength of DRAKE size ACCC carbon core is 153.8 kN [11]. Thus, 
according to Table 4.3, the tensile strength of the DRAKE size ACCC carbon core will 
be around 81.5 kN, if the conductor is continuously operating at 175ᵒC without any 
previous history of the conductor being subjected to temperatures above 175ᵒC. This is a 
reduction around 50%.  Lastly, the results indicate that the glass transition temperature of 
fully cured epoxy matrix (TGinf) lies around 250ᵒC. If the conductor is subjected to 
temperatures above TGinf for a long period (>120 hrs), then permanent degradation of 
fiber-epoxy interface may occur reducing the tensile strength of the conductor 

































Reduction in Storage Modulus 
125ᵒC 175ᵒC 250ᵒC 
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CHAPTER 5 
TENSILE TESTING OF METAL MATRIX CORES 
This chapter describes the tensile testing of ACCR metal matrix core. In order to 
understand the loss of tensile strength of ACCR core with temperature in laboratory, it is 
important to first test the loading of the core with appropriate gripping fixtures 
successfully. Custom grips were developed for the tensile testing of the ACCR core 
strand. Stress strain curve was also calculated from the load displacement curve of the 
metal matrix core specimen.  
5.1 Development of custom gripping fixtures 
A custom-made gripping fixture was developed for the tensile testing of the metal 
matrix core. The new grips work on the princ iple of friction force. It consists of three 
parts. The 3-D model of the custom grip is shown in Fig 5.1.  





Fig 5.1 3-D model of the custom grip 
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The first part is made up of a steel box of dimensions 80 mm x 40 mm x 40 mm 
with a truncated cone cavity in the middle of the steel box. The diameter of the smaller 
circle of the truncated cone cavity is 3 mm and is at the top face of the steel box. The 
angle of the cavity is approximately 10 degrees. Four to eight female portion of screw 
connectors of size/thread 10-32 were drilled at the bottom of the steel box. The second 
part consists of truncated cone split into two halves along its diameter. The smaller mouth 
has an inner diameter of 2.8 mm and the outer diameter of 3 mm. The angle of the 
truncated cone is 10 degrees. The interior portion of the two halves of truncated cone 
have semi cylindrical cavity of diameter 2.8 mm. This is shown in Fig 5.2.  
 
Fig 5.2 3-D model of split truncated cone 
 The split-truncated cone wraps around and holds one end of the specimen. The 
third part consists of a steel plate of dimension 8cm x 4 cm x 0.35 cm with rectangular 
steel back of dimensions 60 m x 40 mm x 36.5 mm. The steel back contains the female 
portion of screw connector of size/thread ¼ - 20 that helps in connecting the gripping 
fixture to the load frame. The steel plate has eight clearance holes for screw size/thread 
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10-32. The two halves of the truncated cone with one end of the specimen fit together in 
the cavity of the steel box with a portion of the split-truncated cone protruding about 5 
mm out from the bottom of the steel box. It is secured in the place by the steel plate 
pushing from the bottom with the help of four or eight screw size/thread 10-32. The force 
exerted by the steel plate on the split-truncated cone allows tight gripping of the specimen 
by compressing the top ends of the split truncated cones. The friction force between the 
specimen and the interior of the truncated cone holds the specimen in place. 
5.2 Sample description 
Specimens were alumina fiber/aluminum matrix composite rods obtained from 
the metal matrix core of ACCR composite conductor. The specimen rod was 2.3 mm in 
diameter and 127 mm long. The ultimate tensile strength of these metal matrix composite 
rods is approximately 1400 MPa [44]. Fig 5.3 shows the sample with the custom grips. 
 
Fig 5.3 ACCR core strand sample held by the custom grips  
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5.3 Experimental Setup 
Tensile test on the metal matrix core strand was performed at room temperature 
using the INSTRON 4411 MTS test system [57]. The system consists of a load frame and 
a control console. The load frame provides tension or compression force to the specimen 
mounted on it. Control console performs calibration and controls the test with the help of 
feedback control systems. The test setup conditions are inputted through the front panel 
attached to the load frame. The load frame have cross-head drive motor, which applies 
tension or compression by moving the crosshead upwards or downwards. A load 
transducer measures the applied load on the specimen. A general purpose instrument bus 
(GBIP) provides for data connection with a personal computer. The GBIP conforms to 
the IEEE 488 interface standard. The schematic diagram of the experimental setup is 




Load sensor conditioner board














Fig 5.4 Schematic diagram of the INSTRON 4411 test system 
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Fig 5.5 The INSTRON 4411 MTS system interfaced to a personal computer  
5.4 Test details and procedure 
Tensile test of ACCR metal matrix core was performed using INSTRON testing 
machine with 5 kN load cell at room temperature. The specimen was loaded in the 
custom gripping fixture that was then secured to the load frame and is shown in Fig 5.6. 
The gauge length of the specimen was 1.89 inches. The crosshead speed was set at 2 
mm/min and a data rate of 5 pts/sec was enabled by the machine’s data acquisition 
system. The test was carried out until the machine reached its maximum load limit of 5 
kN. The load – displacement results was used to calculate the stress-strain curves of the 
specimens. The initial test was conducted with the grips having only four screws on each 
fixture. This lead to reduced friction between the sample and the grips since the force on 
the truncated cones by the steel plate was not enough. The result was slippage of the 
sample inside the gripping fixtures.   
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Fig 5.6 Specimen mounted on the load frame with the custom grips 
 
Fig 5.7 Specimen loaded at 5 kN with the help of the custom gripping fixtures on the test 
frame 
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The custom grips were fitted with four more screws in order to increase the force 
on the truncated cone by the steel plate. This increased the friction force between the 
specimen and the interior of the truncated cone. In the subsequent test, the specimen was 
successfully loaded to 5 kN. Fig 5.7 shows the metal matrix core specimen successfully 
loaded to 5kN. 
5.5 Results 
Load displacement graphs were obtained from the tensile tests. The load 
displacement plots are given in Fig 5.8 and 5.9. In the first test, slippage of the specimen 
occurred inside the gripping fixture. This problem was addressed by introducing another 
four new screw connectors between the steel box and the plate in order to increase the 
force on the truncated cone. Thus, the total number of screw connectors for the grips in 
the second test was eight. This resulted in increase of friction force on the specimen. The 
tensile test data for the two tests are given below in Table 5.1. 
Table 5.1  
Tensile test data for ACCR core strand specimen 
Parameter Test 1 Test 2 
Maximum load, kN 3.48 5 
Maximum displacement, mm 26.03 2.13 
Modulus of elasticity, GPa - 62.34 
 
5.6 Analysis 
The test data were analyzed to produce the stress-strain plot for the test 2, in 
which the specimen was successfully loaded to 5 kN. The stress strain plot for test 2 is 
given in the Fig 5.10. 
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Fig 5.8 Load –Displacement plot for test 1 
 
Fig 5.9 Load-Displacement plot for test 2 
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Fig 5.10 Stress-Strain plot for ACCR metal matrix core strand specimen in test 2 
 It is important to note that the stress vector is obtained by dividing the load vector 
with the cross sectional area of the specimen and the strain vector is obtained by dividing 
the displacement vector with the gauge length of the specimen. In literature, the reported 
value of tensile strength of ACCR metal matrix core strand at room temperature is 
approximately 1400 MPa [44]. The specimen was successfully loaded up to 1200 MPa. 
This corresponded to the maximum machine capability of 5 kN. Thus, further loading of 
the specimen was not possible. The elastic modulus of the ACCR metal matrix core 
strand was calculated as 62.34 GPa 
It can be seen from the stress strain plot that the slope changes at a strain of 0.02 
mm/mm and corresponding to a stress of 1000 MPa. This change of slope can be due to 
the physical changes in aluminum matrix, which is a ductile material. Ductile material 
exhibits a yield point as opposed to brittle material [ 58]. The alumina fibers in the 
conductor are brittle material and the aluminum matrix is ductile. The change of slope 
may thus represent the yield point of the specimen. At the yield point, microplasticity 
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occurs in the matrix that can be characterized by stress concentration in the matrix near 
sharp ends of the fiber [59]. However, the change of slope can also be explained by a 
small amount of slippage of the specimen in the gripping fixtures. Slippage of the 
specimen can be remedied with the help of an abrasive material such as silicon carbide 
gel between the specimen and the interior of the truncated cone. This will increase the 
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CHAPTER 6 
THERMAL RATINGS AND CURRENT TEMPERATURE RELATIONSHIP OF 
HTLS CONDUCTORS 
Current flowing through a conductor causes its temperature to rise. Temperature 
rise after a certain limit can cause thermal degradation of the conductor and may 
compromise its operation. Temperature rise affects the resistance, mechanical strength 
and thermal expansion of the conductor [20], [21]. Increased sag is a direct consequence 
of the temperature rise of the conductor due to increased power flow in the line. High 
temperatures can cause a conductor to sag below its sagging limit. The annealing of the 
conductor due to high temperatures causes loss of tensile strength [18]. In case of carbon 
composite core of HTLS conductors, high temperatures can cause degradation of the 
core, which may lead to loss of tensile strength of the conductor.  Thus, the continuous 
current that a conductor can carry should be calculated so that the operating temperature 
it produces should not cause significant annealing or loss in tensile strength and sagging 
limits are not violated. Conservative ambient weather conditions is used in order to 
calculate the steady state thermal rating which allows for increased power flow during 
emergency conditions [21]. The conductor temperature depends on various other 
parameters, apart from heat loss due to current flow, such as convection heat loss, 
radiation heat loss and solar heat gain. Ambient weather parameters and conductor 
electrical resistance also play an important role in determining the conductor operating 
temperature. The conductor heat capacity contributes to the rate of rise of conductor 
temperature during transient conditions. In this chapter, IEEE 738-2006 [21] has been 
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utilized to calculate the steady-state thermal rating and current temperature re lationship 
of HTLS conductors. Transient operation of HTLS conductors has been studied with the 
help of IEEE 738 standard and fault current temperature relationships have been 
developed for ACCC and ACCR. 
6.1 Steady-state thermal calculations 
The steady state heat balance operation results in a steady operating temperature 
for the conductor at a given operating current assuming that the ambient weather 
parameters remain constant. The steady state heat balance operation depends on various 
heat loss and gain rates [21]. This has been described in the subsequent subsections.  
6.1.1 Steady-state heat balance 
The steady state heat balance equation shows that the sum of heat loss due to 
current flow and solar heat gain of the conductor balances the conductor heat loss due to 
convection and radiation. The convection heat loss depends on forced convection and 
natural convection. The steady-state heat balance equation for a conductor carrying a 
current I (A) and having a resistance R (Ω/m) at temperature Tc (ᵒC) is given below, 
)(2 csrc TRIqqq                                                    (6.1) 
Where, 
cq  is the convection heat loss in W/m, 
rq  is the radiation heat loss in W/m, 
sq  is the solar heat gain in W/m, 
)(2 cTRI  is the ohmic heat gain in W/m. 
From equation (6.1), the current in the conductor is, 







                                                       (6.2) 
6.1.2 Forced convection heat loss 
Convective heat loss is one of the major sources of heat loss from the conductor. 
Forced convection heat loss occurs when wind flow is present on the conductor.  There 
are two equations which address the convection heat loss produced due to high and low 
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Where, 
cq is convection heat loss rate in W/m, 
D  is the conductor diameter in mm, 
f is the air density in kg/m
3
 at temperature 
fT , 
wV is the wind speed in m/s, 
f is the dynamic viscosity of air in Pa-s at temperature fT , 
fk  is the thermal conductivity of air in W/(m-ᵒC) at temperature fT , 
angleK  is the wind direction factor, 
cT  is the conductor temperature in ᵒC, 
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aT  is the ambient temperature in ᵒC. 
The temperature 







                                                                  (6.5) 
This is the temperature of the thin film around the conductor. The wind direction factor is 
given by, 
)2sin(368.0)2cos(194.0)cos(194.1  angleK                     (6.6) 
Where,  
  is the angle between the wind direction and the conductor axis, in degrees. 
The wind direction factor can also be expressed in terms of the compliment of the angle 
between wind direction and the conductor axis.  
)2sin(368.0)2cos(194.0)sin(194.1  angleK                   (6.7) 
Where, 
  is the angle between the wind direction and perpendicular to the conductor axis, in 
degrees. 
6.1.3 Natural convection heat loss 
The natural convection heat loss is shown below, 
  25.175.05.00205.0 acfcn TTDq                                         (6.8) 
Where, 
D  is the conductor diameter in mm, 
f is the air density in kg/m
3
 at temperature 
fT , 
cT  is the conductor temperature in ᵒC, 
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aT  is the ambient temperature in ᵒC. 
Natural convection occurs when there is no wind flowing around the conductor. 
The IEEE current-temperature standard [21] recommends using the higher value of 
convection heat loss obtained from forced convection heat loss equation and natural 
convection heat loss equation for conservative calculations. Vector sum of forced 
convection and natural convection values can be used but it is not conservative. 
6.1.4 Solar heat gain 
The solar heat gain imparts heat to the conductor and consequently raises its 
temperature. The solar heat gain rate depends on the angle of incidence of the sun, the 
projected area of the conductor, the absorptivity and the total heat flux received by the 
conductor. For conservative calculations, the angle of incidence is taken as 90 degrees. 
The solar heat gain is, 
')sin( AQq seabs                                                      (6.9) 
Where, 
ab  is solar absorptivity, 
seQ  is total heat flux received in W/m
2
, 
  is the angle of incidence in degrees, 
'A  is the projected area of the conductor per unit length.  
The angle of incidence is calculated with the help of the following equation, 
)]cos()(arccos[cos Lcc ZZH                                    (6.10) 
Where, 
cH  is the altitude of the sun in degrees, 
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cZ  is the azimuth of the sun in degrees, 
LZ  is the azimuth of the transmission line in degrees. 
The azimuth of the transmission line is 90ᵒ or 270ᵒ for a line running in the east – 
west direction, whereas it is 0ᵒ or 180ᵒ for a line running in the north south direction [21]. 
6.1.5 Radiation heat loss 
The conductor also loses heat through radiation, although to a lesser extent as 





























Dq                        (6.11)        
Where, 
D  is the conductor diameter in mm, 
  is the emissivity, 
 
cT  is the conductor temperature in ᵒC, 
aT  is the ambient temperature in ᵒC. 
6.1.6 Conductor resistance 
For calculation of thermal ratings of the conductor, a linear function of the 























                              (6.12) 
Where, 
)( cTR  is the resistance of the conductor at temperature cT , in Ω, 
)( HTR  is the resistance of the conductor at temperature HT , in Ω, 
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)( LTR  is the resistance of the conductor at temperature LT , in Ω, 
cT  is the conductor temperature in which new resistance is being calculated, in ᵒC, 
HT  is the conductor temperature in which resistance )( HTR  is given, in ᵒC, 
LT  is the conductor temperature in which resistance )( LTR  is given, in ᵒC, 
The function calculates AC electrical resistance. It is known that the electrical 
resistivity of common metals like aluminum increases in a non-linear fashion with 
temperature [21]. If the conductor temperature at which the resistance is desired lies 
between  HT  and LT , then the calculated resistance will higher than the actual resistance 
and thus will result in a conservative calculation. However, in most cases the error will be 
negligible. If conductor temperature, at which the resistance is desired, is higher than HT , 
then the calculated resistance value would be lower than the actual resistance at that 
temperature. According to IEEE 738 standard [21], the resistance value for 1350 H19 
aluminum strand at 500ᵒC calculated from equation (6.12) is 5% lower than the actual 
value, when the resistance of the aluminum strand is given at 25ᵒC ( LT ) and 75ᵒC ( HT ). 
6.1.7 Steady state ampacity rating for HTLS conductors 
In this section, steady state thermal/ampacity ratings for HTLS conductors have 
been calculated with the help of a C++ program developed in Microsoft  Visual Studio. 
The program employed the IEEE 738-2006 standard [21] for calculating the thermal 
steady state ratings. Table 6.1 outlines the input conditions for the program. The results 
for steady state ampacity rating of ACCR and ACCC for the conditions described in 
Table 6.1 is given in Table 6.2 
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Table 6.1  
Input parameters for thermal steady state rating 
Input Parameters ACCR ACCC 
Wind speed (m/s) 0.61 0.61 
Conductor elevation (m) 0 0 
Emissivity 0.5 0.5 
Solar absorptivity 0.5 0.5 
Ambient temperature (ᵒC) 40 40 
Maximum temperature (ᵒC) 210/240 180/200 
Latitude (ᵒ) 43 43 
Conductor diameter (mm) 28.12 28.12 
Angle between conductor axis and wind direction (ᵒ) 90 90 
Day number 161 161 
Solar hour 14 14 
AC resistance at 25ᵒC (Ω/mile) 0.112 0.089 
AC resistance at 75ᵒC (Ω/mile) 0.134 0.106 
 
Table 6.2  
Steady state ampacity rating of ACCR and ACCC conductors  
Conductor type (DRAKE) 
Steady state ampacity rating 
Continuous operation Emergency operation 
ACCR  1645 A 1770 A 
ACCC 1700 A 1820 A 
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The continuous operating temperature of ACCR is 210ᵒC and of ACCC is 180ᵒC. 
The emergency temperature of ACCR is 240ᵒC and of ACCC is 200ᵒC. It can be seen 
from Table 6.2 that the ampacity of ACCC is greater than ACCR at both continuous 
operating temperature and emergency temperature, even though the continuous operating 
and emergency temperatures of ACCC is lower than ACCR.  
6.1.8 Current – temperature relationship of HTLS conductors 
A C++ program was developed to compute the current-temperature relationship 
of ACCC and ACCR conductors. The program also calculated ACSR conductor current 
temperature relationship, which was plotted with the HTLS conductors for comparison. 
The approach prescribed in IEEE 738 standard [21] was followed in the program. Data of 
current temperature relationship of ACSR, ACCC and ACCR obtained from C++ 
program are plotted between percent current on x-axis and temperature on y-axis. The 
base current in the plots is the current rating of equivalent ACSR at 100ᵒC. Different 
conductor sizes have been considered namely DRAKE, LAPWING and BLUEBIRD. 
The assumptions for the calculation of data are following.  
1. Clear atmosphere is assumed. 
2. Angle of incidence of the sun is taken as 90 degrees for conservative calculations. 
The general input parameters are given in Table 6.3. Specific input parameters for 
DRAKE, LAPWING and BLUEBIRD size conductors are given in Table 6.4 -6.6. The 
current temperature relationships for these conductors are given in Fig 6.1-6.3. 
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Table 6.3  
Input parameters for current-temperature relationship 
Input Parameters 
Value 
Wind speed (m/s) 
0.61 






Ambient temperature (ᵒC) 40 
Latitude (ᵒ) 
43 






Table 6.4  
Conductor specific (DRAKE) input parameters for current temperature relationship  
Input parameters ACSR ACCR ACCC 
Conductor diameter (mm) 28.1 28.1 28.1 
AC resistance at 25ᵒC (Ω/mile) 0.117 0.112 0.089 
AC resistance at 75ᵒC (Ω/mile) 0.139 0.134 0.106 
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Table 6.5  
Conductor specific (LAPWING) input parameters for current temperature relationship  
Input parameters ACSR ACCR ACCC 
Conductor diameter (mm) 38.2 38.9 38.2 
AC resistance at 25ᵒC (Ω/mile) 0.0617 0.0576 0.0507 
AC resistance at 75ᵒC (Ω/mile) 0.0728 0.069 0.0595 
 
Table 6.6  
Conductor specific (BLUEBIRD) input parameters for current temperature relationship  
Input Parameter ACSR ACCC 
Conductor diameter (mm) 44.75 44.75 
AC resistance at 25ᵒC (Ω/mile) 0.0475 0.0387 
AC resistance at 75ᵒC (Ω/mile) 0.0554 0.0447 
  
 
Fig 6.1 Current-temperature relationship of DRAKE sized conductors 
  74 
 
Fig 6.2 Current-temperature relationship of LAPWING sized conductors 
 
Fig 6.3 Current-temperature relationship of BLUEBIRD sized conductors 
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The current temperature relationship of the conductors reveals that in ACCC the 
temperature rise is low compared ACSR and ACCC at high temperatures in all the 
conductor sizes studied. ACCC has a superior current temperature relationship. The 
current temperature curves for ACSR and ACCR is similar but ACSR is thermally 
limited to 100ᵒC whereas ACCR can operate continuously until 210ᵒC.  Thus, ACCR can 
carry more current than equivalent ACSR conductor can. 
6.2 Transient thermal calculations  
Transient thermal calculations were used to obtain the fault current – temperature 
curves of ACCC and ACCR conductors. The methodology for obtaining transient 
conductor temperature outlined in the IEEE 738 standard [21] was followed. A C++ 
program in Microsoft Visual Studio was developed to achieve the fault current – 
temperature calculations. The effect of fault currents of the order of 10 kA – 80 kA on the 
conductors was studied.  
6.2.1 Non-steady-state heat balance 
The non-steady-state heat balance equation is used to model the conductor 
temperature change in response to a step change of current flowing through the conductor 
[21]. For fault currents, this step increase is very large from initial operating current to 
final fault current. The ambient weather conditions are assumed to rema in constant 
during the process of temperature change due to step change in the current. The 
conductor heat capacity influences the rate of temperature change. Equation (6.13) gives 
the non-steady state heat balance equation for a conductor carrying a trans ient current I 
(A) and having a resistance R (Ω/m) at temperature Tc (ᵒC), 






mCqq                                      (6.13) 
Where, 
cq  is the convection heat loss in W/m, 
rq  is the radiation heat loss in W/m, 
sq  is the solar heat gain in W/m, 
)(2 cTRI  is the ohmic heat gain in W/m. 
pmC  is the conductor heat capacity in W-s/(m-ᵒC) 







1 2                              (6.14) 
The total heat capacity of the conductor is taken as the sum of the heat capacities 
of its constituent material. The product of its specific heat and the mass per unit length 
gives the heat capacity of the constituent materials of the conductor. However, for fault 
current calculations, the heat capacity of the core of the conductor is generally neglected  
for fault durations less than 60 seconds [21]. 
6.2.2 Fault current – temperature relationship of carbon composite core based 
conductors 
Fault currents flowing through a conductor can quickly raise its temperature 
beyond permissible limits. Generally, fault currents are cleared in 3 – 5 cycles by the 
primary protection of the system. However, if the primary protection fails, then the 
backup protection operates in 0.2 – 0.5 seconds [60]. As described above, a C++ program 
was developed for obtaining the temperature rise of conductors subjected to fault currents 
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for any duration. This program was employed to give the temperature rise for DRAKE  
ACCC for fault currents of duration up to 5 seconds. The ambient weather conditions and 
the conductor material characteristics for DRAKE ACCC are given in Table 6.7 
Table 6.7  
Input parameters for fault current-temperature relationship of DRAKE ACCC conductor  
Input parameters Values 
Wind Speed (m/s) 0.61 
Elevation (m) 0 
Emissivity 0.5 
Solar Absoptivity 0.5 
Ambient Temperature (ᵒC) 40 
Latitude (ᵒ) 43 
Conductor diameter (mm) 28.1 
Angle between conductor axis and wind direction (ᵒ) 90 
Day number 161 
Solar hour 14 
AC resistance at 25ᵒC (Ω/mile) 0.089 
AC resistance at 75ᵒC (Ω/mile) 0.106 
Heat capacity of aluminum conductor (W-s/m-ᵒC ) 1289.34 
  
 The aluminum conductor of ACCC is produced from 1350 O – tempered 
aluminum [11]. The mass per unit length of the aluminum in DRAKE ACCC conductor 
is 1.4326 kg/km [61]. This gives a heat capacity of 1289.34 J/(m-ᵒC) for the calculations. 
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The heat capacity of the core was neglected since the applied fault durations were less 
than 60 seconds in the simulation. Fault currents of 10 kA, 50 kA and 80 kA and duration 
up to 5 seconds were considered on DRAKE ACCC conductor operating initially at 
125ᵒC, 175ᵒC and 200ᵒC. The initial operating currents of the conductor are given in 
Table 6.8. 
Table 6.8  
Initial operating currents for DRAKE ACCC conductor  
Temperature Initial operating current 
125ᵒC 1354.08 A 
175ᵒC 1679.6 A 
200ᵒC 1813.33 A 
 
Table 6.9 summarizes the results of the temperature rise on DRAKE ACCC 
conductor due to fault currents of 10 kA, 50 kA and 80 kA at different fault clearance 
times. Fig 6.4 gives the temperature rise for DRAKE ACCC conductor operating initially 
at 125ᵒC, 175ᵒC and 200ᵒC under a fault current of 50 kA cleared in 0.55 seconds by 
backup protection. From the fault current – temperature relationship of DRAKE ACCC 
conductors, it can be concluded that, 
1. If the fault current, of the order of 50 kA, is eventually cleared by the backup 
protection system, then the temperature in the conductor might rise above 250 ᵒC. 
2. The temperatures (≥250ᵒC) exceed the glass transition temperature of the fully 
cured network of the epoxy matrix (TGinf), thus damaging to the fiber-matrix 
interface and permanently degrading the tensile strength of the conductor.  
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Table 6.9  





Temperature at fault clearance times (ᵒC) 
3 cycles 5 cycles 0.583 s 1 s 5 s 
10 
125 125.3 125.5 128.5 131 155 
175 175.4 175.5 178.8 182 210 
200 200.4 200.6 204 206 235 
50 
125 132.5 137.5 222.5 310 2490 
175 185.5 189.3 286.5 384 2820 
200 209.1 215.1 318 420 2981 
80 
125 144 158 430.2 792 7897 
175 197.5 213 525 940 7898 
200 223.8 240.3 574 1004 7898 
 
 
Fig 6.4 Fault current-temperature curves for DRAKE ACCC conductor  
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6.2.3 Fault current – temperature relationship of metal matrix core based 
conductors 
Similar to the previous section, the temperature rise of metal matrix core based ACCR 
conductor due to fault currents was studied with the help of the developed C++ program. 
Ambient weather conditions and conductor characteristics, except the AC resistances and 
heat capacity of the aluminum conductor , given in Table 6.7 were considered. The value 
of AC resistance and heat capacity for DRAKE ACCR conductor considered in the 
calculations are given in Table 6.10. The initial operating currents of the conductor are 
given in Table 6.11. 
Table 6.10  
AC resistances and heat capacity of DRAKE ACCR conductor 
AC resistance at 25ᵒC 
(Ω/mile) 
AC resistance at 25ᵒC 
(Ω/mile) 
Heat capacity of aluminum 
conductor (W-s/m-ᵒC ) 
0.1126 0.1349 1062 
  
Table 6.11  
Initial operating currents for DRAKE ACCR conductor  
Temperature Initial operating current 
125ᵒC 1201.14 A 
175ᵒC 1488.47A 
200ᵒC 1606.36 A 
240ᵒC 1770 A 
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Table 6.12 summarizes the result of temperature rise on DRAKE ACCR conductor under 
fault currents of 10 kA, 50 kA and 80 kA of duration up to 10 seconds. 
Table 6.12  








Temperature at fault clearance times (ᵒC) 
3 cycles 5 cycles 0.583 s 1 s 10 s 
10 
125 125.4 125.7 131 135 227 
175 175.4 175.8 180.9 186 292 
200 200.5 200.9 206 210 257 
240 240.56 240.95 246 251 373 
50 
125 136.56 145 288 452 6225.7 
175 188.2 197 359 541 6225.7 
200 215 224 394 598.5 6225.7 
240 255 267 454 688.8 6225.7 
80 
125 155.4 177 700 1629.2 8626.8 
175 209 237 830 1888.6 8626.8 
200 237 261.5 893 1997.6 8626.8 
240 280 308 996 2209.3 8626.8 
 
The conductor temperature reaches steady state within 10 seconds when exposed 
to a fault current of 50 kA or higher. Fig 6.5 gives the temperature rise for DRAKE 
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ACCR conductor operating initially at 125ᵒC, 175ᵒC, 200ᵒC and 240ᵒC under a fault 
current of 50 kA cleared in 0.55 seconds by backup protection. 
 
Fig 6.5 Fault current-temperature curves for DRAKE ACCR conductor 
It can be seen from Table 6.12, the fault currents of the order of 80 kA can raise 
the temperature of DRAKE ACCR conductors above 650ᵒC if the fault is cleared by 
backup protection in 0.583 seconds. The melting point of the aluminum matrix of ACCR 
is 650ᵒC [59]. The alumina fibers of ACCCR conductor do not degrade in molten 
aluminum matrix since no chemical reaction occurs between alumina fibers and molten 
aluminum matrix [59]. However, it is important to investigate the residual strength of the 
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CHAPTER 7 
CONCLUSION AND FUTURE WORK 
7.1 Conclusions 
The objective of this research is to characterize the mechanical properties of 
HTLS conductors with respect to temperature. HTLS conductors with carbon composite 
cores and metal matrix cores have been considered for the study.  The work focused on 
the carbon composite core based conductors. Heat treatment of these conductor cores was 
performed to gauge the changes in its physical appearance and evolution of cracks with 
temperatures. Thermal mechanical analysis of the HTLS conductor cores provided 
information of its coefficient of thermal expansion. The loss of storage modulus (hence 
loss of tensile strength) of carbon composite cores with temperature was obtained with 
the help of the dynamic mechanical analysis. Dynamic mechanical analysis procedure 
provides a quick alternative to tensile testing of conductor at different temperatures to 
estimate the loss in tensile strength with temperature.  The stress-strain behavior of metal 
matrix core was captured by conducting tensile testing. The current temperature 
relationships including fault currents for the HTLS conductors were developed using the 
IEEE 738-2006 standard. The programs were developed in C++ language in Microsoft 
Visual Studio suite. The calculations from these programs helped understand the set of 
conditions under which the conductors might accrue damage to its structure.  
Chapter 2 described the heat treatment of carbon composite core based 
conductors. ACCC conductor core samples were exposed to isothermal environment at 
125ᵒC, 150ᵒC, 200ᵒC, 250ᵒC and 300ᵒC. The results of this experiment showed that the 
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ACCC conductor core can operate continuously at 125ᵒC without the development of 
cracks either on carbon fiber/epoxy matrix and also on the glass-carbon fiber/epoxy 
interface. No cracking on the glass fiber/epoxy was observed. Isothermal environment at 
150ᵒC and above led to cracks on the carbon fiber/epoxy as well as fracture of the glass-
carbon interface. The cracks and fractures increased in severity at temperatures 250ᵒC 
and above. Radial cracks extending from the edge of the glass fiber/epoxy matrix section 
of the core to the glass-carbon interface were observed at this temperature. The ACCC 
conductor is designed to operate continuously at a maximum temperature of 180 ᵒC with 
an emergency temperature of 200ᵒC. However, cracks and fractures on the core are 
present from at least 150ᵒC. 
In chapter 3, the coefficients of thermal expansion of the metal matrix and carbon 
composite core of HTLS conductors were evaluated with the help of thermal mechanical 
analysis. The variations of the coefficient of thermal expansion of the cores with 
temperature were studied. The average coefficients of thermal expansion were also 
calculated in the temperature range of RT- 300ᵒC.  The average coefficient of thermal 
expansion of the metal matrix core was calculated to be K/106 6 . The average 
coefficient of thermal expansion of carbon fiber/epoxy section of the carbon composite 
core was calculated to be   K/10731.0 6 . The thermal expansion coefficient of the 
metal matrix core is much higher than that of carbon composite core. 
In chapter 4, dynamic mechanical analysis of the carbon fiber/epoxy samples 
sectioned from ACCC core were performed. Several samples were heat treated prior to 
the experiments. The results indicated that the storage modulus (hence tensile strength) of 
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the conductor core decreased about 65-70 % at 250 ᵒC. Samples which were heat treated 
retained their storage modulus at room temperature after the heat treatment. The storage 
modulus characteristics improved with the degree of heat treatment of the samples, that is 
the rate of loss of storage modulus (hence tensile strength) with temperature decreased. 
This can be attributed to increased cross linked density of the epoxy matrix. However, the 
results showed that, the heat treatment at 250ᵒC is just above the glass transition 
temperature of the fully cured network of the epoxy matrix. Thus, temperatures above 
250ᵒC will cause thermal degradation of the carbon composite core and reduce its 
mechanical strength by permanently damaging the fiber matrix interface. 
In chapter 5, the tensile testing of metal matrix core was performed. The 
specimen, ACCC core strand was loaded successfully at 5 kN with the help of new 
custom grips. The custom gripping fixtures developed grips the sample with the help of 
friction force between the grips and the specimen. This friction occurs when the steel 
plate pushes on the split truncated cone, housing one end of the specimen, while it is 
inside the conical cavity of the steel box which compresses the upper end of the split 
truncated cone. This causes the split truncated cone to contact the specimen tightly and 
locks it down with the help of friction force. The stress strain curve of the metal matrix 
cone was also developed from the load displacement plot. The result indicated a presence 
of a yield point on the stress strain curve for the metal matrix core. The modulus of 
elasticity was calculated to be.  
In chapter 6, the steady state thermal operation and transient thermal operation of 
metal matrix and carbon composite core based HTLS conductors were studied with the 
help of IEEE 738-2006 standard [21]. C++ programs were written in Microsoft Visual 
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Studio to perform the calculations. The steady state thermal calculation yielded the 
current temperature relationships of the HTLS conductor and the transient thermal 
calculation provided the fault current temperature relationship. The current temperature 
relationship indicates that ACCC conductor have superior current temperature 
characteristics than ACSR and ACCR conductors. The fault current temperature 
relationships reveal that for DRAKE ACCC, the temperature can rise above 250ᵒC for 
fault current of the order of 50 kA cleared in 0.58 seconds by the backup protection. This 
can cause thermal degradation and permanent damage to the matrix and fiber matrix 
interface. On the other hand, the temperature rise for DRAKE ACCR is above 650ᵒC for 
fault currents of the order of 80 kA cleared by the backup protection in 0.58 seconds. 
This will cause melting of the aluminum matrix of the conductor core. This may affect 
the residual tensile strength of the conductor after the core cools.  
7.2 Future Work 
The work done in this thesis focuses on the carbon composite core based HTLS 
conductors. Preliminary work has been done on the metal matrix core based conductor. 
Thus, much of the future research should be done in characterizing the metal matrix core 
based HTLS conductors. In this work loss of tensile strength of carbon composite core 
was estimated with the help of dynamic mechanical analysis indirectly through storage 
modulus. Tensile testing of the carbon composite core should be performed in order to 
validate the results from the dynamic mechanical analysis of the core. More research is 
required to perform tensile testing of metal matrix core at different temperatures to 
quantify the loss of tensile of the core with temperature.  
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APPENDIX A 
THERMAL MECHANICAL ANALYSIS RESULTS 
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A.1 Calculations for coefficient of thermal expansion of ACCR metal matrix core  
The average coefficients of thermal expansion (CTE) for ACCR metal matrix 
core were calculated for each of the six tests. The change in length of the sample from 
room temperature to 300ᵒC is also given. The calculations are given below, 
Average CTE calculation for test 1: 



















          (A.1.1) 
Average CTE calculation for test 2: 



















          (A.1.2) 
Average CTE calculation for test 3: 



















          (A.1.3) 
Average CTE calculation for test 4: 



















          (A.1.4) 
Average CTE calculation for test 5: 
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Average CTE calculation for test 6: 



















          (A.1.6) 
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A.2 Calculations for coefficient of thermal expansion of ACCC carbon composite core 
The average coefficients of thermal expansion (CTE) for ACCC carbon 
composite core were calculated for each of the six tests. The change in length of the 
sample from room temperature to 300ᵒC is also given. The calculations are given below, 
Average CTE calculation for test 1: 



















            (A.2.1) 
Average CTE calculation for test 2: 



















        (A.2.2) 
Average CTE calculation for test 3: 



















           (A.2.3) 
Average CTE calculation for test 4: 



















       (A.2.4) 
Average CTE calculation for test 5: 
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APPENDIX B 
DYNAMIC MECHANICAL ANALYSIS RESULTS 
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B.1 Cambridge polymer DMA results  
Several carbon fiber/epoxy matrix samples sectioned out from the ACCC carbon 
core were sent to Cambridge polymer Inc. for DMA testing. The temperature ramp rate 
for the DMA testing was 5ᵒC/min and dual cantilever clamps were employed. The torque 
wrench used to secure the clamps with the sample was set to 9 in-lb. The amplitude and 
frequency of the oscillating force were 20 µm and 1 Hz respectively. The temperature  
range under investigation was room temperature - 300ᵒC. The storage modulus, loss 
modulus and the tan delta curve of the sample as a function of the temperature is given in 
Fig B.1.1. Table B.1.1 presents some corresponding data points for the curves.  
 
Fig B.1.1 Storage modulus, loss modulus and tan delta curves with temperature for 
untreated ACCC carbon fiber/epoxy sample.  
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Table B.1.1  
Storage modulus, loss modulus and tan delta at various temperatures  
Temperature (ᵒC) Storage modulus (MPa) Loss modulus (MPa) Tan delta 
75.05 72833 1108 0.02 
132.12 55568 3825 0.07 
172.60 30048 3625 0.12 


















B.2 Standard deviation,  relative standard deviation for storage modulus curves and tan 
delta values 
The maximum, minimum and average standard deviation of the storage modulus 
curves obtained in the DMA tests for virgin and heat treated samples were calculated. The 
relative standard deviation of the storage modulus curves from these tests from the mean 
storage modulus curve is also presented. Similarly, the standard deviation and relative 
standard deviation of the values of tan delta peak gathered from the experiments is given 
here. Table B.2.1 and table B.2.2 provides the standard deviation and relative standard 
deviation values.  
Table B.2.1  























674 4485 295 139 2164.2 8.15 
125ᵒC 
sample 
962.34 6405.8 294 30 3908.6 13.18 
175ᵒC 
sample 
1510.9 5344 295 157 3076.1 9.1 
250ᵒC 
sample 
1187.4 3964.7 295 145 3076 7.33 
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Table B.2.2  
Tan delta mean, standard deviation and relative standard deviation of the tan delta values  
Type of sample  Tan delta mean Standard deviation Relative standard 
deviation (%) 
Virgin sample 0.1275 0.0023 1.8 
125ᵒC sample 0.1151 0.0087 7.56 
175ᵒC sample 0.095 0.0059 6.21 
250ᵒC sample 0.1254 0.0064 5.1 
 
